We present an implementation of electroweak ZZjj production in the POWHEG BOX V2 framework, an upgrade of the POWHEG BOX program which includes a number of new features that are particularly helpful for high-multiplicity processes. We consider leptonic and semi-leptonic decay modes of the Z bosons, and take non-resonant contributions and spin correlations of the final-state particles into account. In the case of decays to leptons, we also include interactions beyond the Standard Model that arise from an effective Lagrangian which includes CP conserving and violating operators up to dimension six. We find that while leptonic distributions are very sensitive to anomalous couplings, because of the small cross-section involved, these analyses are feasible only after a high-luminosity upgrade of the LHC. We consider the cases of a 14 TeV, 33 TeV and 100 TeV machine and discuss the limits that can be placed on those couplings for different luminosities.
Introduction
A primary goal of the CERN Large Hadron Collider (LHC) is an in-depth understanding of the mechanism responsible for electroweak symmetry breaking. Data collected and analyzed by the ATLAS [1] and CMS [2] collaborations have revealed the existence of a scalar boson with a mass of about 125 GeV. Investigations on the properties of this new particle consolidate its interpretation as the Higgs boson of the Standard Model (SM). In particular, measurements of its spin and CP properties [3, 4] as well as of its couplings to gauge bosons and fermions so far have disclosed no deviation from the SM expectation of a spin-zero, CP-even particle. Should physics beyond the Standard Model be realized in nature, its effects on observables in the Higgs sector seem to be small, calling for high precision in experiment as well as in theoretical predictions.
An ideal environment for the determination of the tensor structure and strengths of the Higgs couplings to gauge bosons is provided by vector-boson fusion (VBF) processes [5] [6] [7] . With their very pronounced signature in phase space, featuring two well-separated jets in the forward regions of the detector, VBF reactions can be separated well from QCD-induced background reactions.
In this work we wish to present a new tool for the simulation of Z-boson pair production via vector boson fusion. The purely electroweak process pp → ZZjj predominantly proceeds via the scattering of two quarks by the exchange of weak vector bosons in the t-channel with subsequent emission of two Z bosons. Diagrams with a Higgs resonance contribute as well as weak boson scattering graphs that are sensitive to triple and quartic gauge boson couplings.
The next-to-leading order (NLO) QCD corrections to this process, including leptonic decays of the Z bosons in the ℓ + ℓ − ℓ ′ + ℓ ′ − and ℓ + ℓ − νν modes, have been computed in ref. [8] and are publicly available in the computer package VBFNLO [9] . While that code allows the computation of, in principle, arbitrary distributions within experimentally feasible selection cuts, an interface to parton-shower Monte Carlo programs at NLO-QCD accuracy is not yet available. We have therefore worked out a matching of the NLO-QCD calculation with parton-shower programs in the framework of the POWHEG formalism [10, 11] , a method that allows to combine parton-level NLO-QCD expressions with a transverse-momentum ordered parton-shower in a well-defined manner. To this end, we are making use of the POWHEG BOX [12] , a tool that provides all the process-independent building blocks of the matching procedure, but requires the user to implement process-specific ingredients in a specific format by himself. Recently a Version 2 of the POWHEG BOX has been released,
POWHEG BOX V2. Version 2 includes a number of new features among which are
• the possibility to produce grids in parallel and combine them;
• the option to modify scales and parton distribution functions a posteriori, through a reweighting procedure of Les Houches events;
• a faster calculation of upper bounds, and the possibility to store upper bounds and combine them;
• an improvement in the separation of regions for the real radiation [13] , which results in smoother distributions.
Given the complexity of electroweak ZZjj production, we found it useful to take full advantage of these features and therefore implemented the process directly in Version 2 of the POWHEG BOX.
In the following section we describe the technical details of our implementation. In sec. 3 we present phenomenological results for some representative applications in the case of leptonic final states, in the case of cuts suitable to study the continuum, double-resonant production. We also discuss the potential of this process to constrain the size of dimensionsix operators that arise in effective field theory approaches to physics beyond the Standard Model. In particular we study the capability of future colliders to constrain the couplings even further. We conclude in sec. 4.
Technical details of the implementation
Our implementation of electroweak ZZjj production in the context of the POWHEG BOX proceeds along the same lines as previous work done for Zjj [14] , W + W + jj [15] , and W + W − jj production [16] via vector-boson fusion. We therefore refrain from a detailed description of technical aspects that are common to all vector-boson fusion processes considered so far, but refer the interested reader to the aforementioned references.
The first calculation of the NLO-QCD corrections to ZZjj production via VBF in the context of the Standard Model, including decays of the Z-boson pair into four leptons or two leptons plus two neutrinos, has been presented in ref. [8] and is publicly available in the context of the VBFNLO package [9] . We adapted the matrix elements of that calculation to the format required by the POWHEG BOX, and additionally computed the scattering amplitudes for the semi-leptonic decay modes of the Z bosons. In addition to that we account for physics beyond the Standard Model in the weak gauge boson sector by means of an effective field theory approach [17] with operators of dimension six that affect triple and quartic gauge boson vertices, but do not change the QCD structure of the Standard Model. Details of the operators entering the Lagrangian are given later. Notice that because decays are not affected by QCD corrections, it is enough to have a Leading Order (LO) implementation of the modified decay currents even at NLO in QCD. We could therefore adapt the LO implementation of the effective field theory in MadGraph 5 [18] for the modeling of the modified electroweak building blocks needed for pp → ZZjj.
In either model, at order O(α 6 ) electroweak ZZjj production predominantly proceeds via the scattering of two (anti-)quarks mediated by weak-boson exchange in the t-channel. The external Z bosons that in turn decay into a pair of leptons, neutrinos, or quarks can be emitted from either of the two fermion lines, or stem from vector-boson scattering subamplitudes of the type V V → V V (with V generically denoting a photon, a W ± , or a Z boson). In order to maintain electroweak gauge invariance, contributions with one or two photons instead of the Z bosons and diagrams for single-and non-resonant four-fermion production in association with two jets have to be considered as well. A representative set of diagrams is depicted in fig. 1 .
For partonic subprocesses with quarks of identical flavor, in addition to the aforementioned t-channel exchange diagrams, u-channel diagrams arise that are taken fully into account. However, the interference of u-channel with t-channel contributions is neglected. We furthermore disregard contributions induced by the exchange of a weak boson in the schannel. This gauge-invariant subset of diagrams is strongly suppressed in the phase-space regions that are explored experimentally in vector-boson-fusion searches, c.f. ref. [19] for a tree-level assessment of the numerical impact these contributions have in a realistic setup for the related case of electroweak W + W + jj production at the LHC.
For ℓ + ℓ − ν ℓνℓ final states we neglect the interference with W + W − jj production, when the W bosons decay into the same final state. In the case of QCD production, this interference has been shown to be very small [20] . In the semi-leptonic decay modes, interference effects between the scattering quarks and the decay quarks are neglected.
For simplicity, we will refer to the electroweak production processes pp → ℓ + ℓ − ℓ ′ + ℓ ′ − jj, pp → ℓ + ℓ − ννjj, and pp → ℓ + ℓ −q qjj within the afore-mentioned approximations as ZZjj production via VBF in the fully leptonic, leptonic-invisible and semi-leptonic decay modes, respectively, even though we always include contributions from off-resonant diagrams that do not arise from a ZZjj intermediate state.
In the case of semi-leptonic decay modes we do not explicitly take into account QCD corrections to the hadronic decays of the Z bosons, or QCD corrections that connect the ZZjj production with the Z →qq decay processes. While the latter corrections are expected to be very small, corrections to the hadronic Z decay are well-described by Monte-Carlo programs that are interfaced to our NLO-QCD calculation. In fact their decay machinery is tuned to reproduce collider data.
We note that, similarly to the cases of electroweak Zjj and W + W − jj production, the POWHEG BOX requires a prescription for dealing with singularities emerging in the Born cross section for pp → ZZjj via VBF. One such type of singularities stems from collinear q → qγ configurations that emerge when a photon of low virtuality is exchanged in the t-channel. Phenomenologically, such contributions are irrelevant, as they are entirely removed once VBF-specific selection cuts are applied on the ZZjj cross section that require the two partons of the underlying Born configuration to exhibit sufficient transverse momentum to be identified as tagging jets. We therefore drop this type of contributions already at generation level, by removing all events with an exchange boson in the t-channel with a virtuality smaller than Q 2 min = 4 GeV 2 . To improve the efficiency of the phase-space integration, we use a Born-suppression factor F (Φ n ) that dampens the phase-space integrand whenever a singular configuration is approached. This is ensured by the choice
where the p T,i denote the transverse momenta of the two final-state partons of the underlying Born configuration, and Λ is a cutoff parameter that we set to 10 GeV. In VBF ZZjj production processes, an additional type of singular configurations is caused by diagrams with a quasi on-shell photon that decays into a fermion pair, γ ⋆ → ff . Such contributions can easily be identified by a small value of the invariant mass m f f of the decay system. In our simulations, we remove all configurations with m f f < m gen f f , where we set m
unless explicitly stated otherwise.
In the presence of a light Higgs boson, the VBF ZZjj cross section receives contributions from two regions of phase space with very different kinematic properties. Therefore it is useful to split the phase space into two separate regions, around and away from the Higgs resonance. The full result is then obtained by adding the results of the two separate contributions [15] .
Phenomenological results
We will concentrate in the following on the fully charged leptonic decay mode, which has a smaller branching fraction than the semi-leptonic (ℓ + ℓ −q q) or the lepton-neutrino (ℓ + ℓ − νν) decay modes, but is experimentally cleaner. Because of the Higgs and Z resonances, events tend to have either four leptons with an invariant mass close to the Higgs mass, or two pairs of leptons with an invariant mass close to the mass of the Z boson each. Typically, according to whether one is interested in studying Higgs production with subsequent H → ZZ (⋆) decays or VBF ZZ production in the continuum one applies different invariant mass cuts that suppress one of the two contributions, and leave the other almost unchanged. Continuum VBF ZZ production is a rare SM process that is well-suited to probe triple but also quartic gauge boson couplings. In this section we present few sample results obtained with our POWHEG BOX implementation, both in the pure SM and involving anomalous couplings that in our framework arise from an effective Lagrangian.
Let us stress here that the ℓ + ℓ −mode, although plagued by large QCD backgrounds, could in principle be studied with an analysis that uses boosted techniques and jet-substructure (see e.g. ref. [21] ), along the lines of what was done in ref. [16] . However, because of the small production cross sections for VBF ZZjj, considering the boosted regime where only a tiny part of the inclusive cross section survives is pointless at the LHC.
Standard Model results
Anticipating the imminent energy upgrade of the LHC we consider proton-proton collisions at a center-of mass energy of √ s = 14 TeV. We use the NLO-QCD set of the MSTW2008 parametrization [22] for the parton distribution functions of the proton, as implemented in the LHAPDF library [23] . Jets are defined according to the anti-k T algorithm [24, 25] with R = 0.4, making use of the FASTJET package [26] . Electroweak (EW) input parameters are set according to known experimental values and tree-level electroweak relations. As input we use the mass of the Z boson, m Z = 91.188 GeV, the mass of the W boson, m W = 80.419 GeV, and the Fermi constant, G F = 1.16639 × 10 −5 GeV −1 . For the widths of the weak bosons we use Γ Z = 2.51 GeV and Γ W = 2.099 GeV. The width of the Higgs boson is set to Γ H = 0.00498 GeV which corresponds to m H = 125 GeV. Factorization and renormalization scales are set to µ F = µ R = m Z throughout, unless specified otherwise.
Here, we present numerical results for VBF ZZjj production at the LHC in the fully leptonic decay mode. Our analysis requires each lepton pair to have an invariant mass close to m Z . This completely excludes any contamination from a Higgs boson consistent with the one observed by the ATLAS and CMS collaborations at m H = 125 GeV [1, 2] , which results in H → ZZ (⋆) decays with at least one off-shell gauge boson. Our phenomenological study is inspired by [27] . In the following, we will always consider decays to e + e − µ + µ − . Neglecting same-type lepton interference effects, the cross-section for Z bosons decaying to any combination of electrons and muons is twice as large. In sec. 3.1 all results are quoted for the pp → e + e − µ + µ − jj decay mode only, whereas the results in sec. 3.2 have been obtained for the pp → e + e − µ + µ − jj decay mode and then multiplied by two to account for any decay into electrons or muons, while neglecting same-type lepton interference effects.
The VBF and invariant mass cuts that we apply in the following, inspired by refs. [28, 29] , are very effective in suppressing QCD-like processes with colored objects in the t- channel. In particular, we require the presence of at least two jets with
The two hardest jets satisfying these cuts are called "tagging jets" and are furthermore forced to be well separated by the VBF cuts
For the leptons we require
In addition to that, we request that the leptons fall in between the two tagging jets
Furthermore the two same-flavor opposite-charge leptons have to be close to the on-shell mass of the Z boson, 66 GeV < m ℓℓ < 116 GeV . The inclusive cross section for VBF e + e − µ + µ − jj production after applying the cuts of eqs. (3.1)-(3.5) is given by σ VBF ZZ = 0.03003(7) fb at NLO in QCD and σ VBF ZZ = 0.03249(4) fb at LO, where the uncertainties quoted are purely statistical. We then match the NLO calculation with the parton-shower program PYTHIA 6.4.25 [30] via POWHEG (NLO+PS). The parton shower is run with the Perugia 0 tune, including hadronization corrections, multiparton interactions and underlying events. We do not take QED radiation effects into account. At the NLO+PS level, we obtain an inclusive cross section of σ VBF ZZ = 0.03084(7) fb. In order to estimate the theoretical uncertainty of the calculation we have varied the renormalization and factorization scales in the range m Z /2 to 2m Z , finding a change in the NLO+PS cross section between −0.0005 fb and +0.0001 fb which is less than 3%. Figure 2 shows the transverse momentum distributions of the hardest jet and the hardest lepton, respectively. The NLO and the NLO+PS results agree very well for these two observables. In general, distributions involving leptons or any of the two hardest jets are only marginally distorted by the parton-shower. We notice only a small increase in the VBF cross section by 3% when going from NLO to NLO+PS. This is comparable to the size of the scale variation uncertainty. Illustrated in fig. 3 is the effect of the parton-shower on the transverse momentum of the third jet. In the NLO-QCD calculation for pp → ZZjj a third jet is described only at lowest non-vanishing order, as it solely arises via the realemission contributions. When merged with the parton shower the soft-collinear radiation is resummed at leading-logarithmic accuracy via the Sudakov form factor, which results in the p T,j 3 distribution being damped at low transverse momentum. At higher transverse momentum we observe that the parton shower tends to slightly soften the spectrum of the third jet. The parton shower also affects the rapidity of the third jet, giving rise to an increased central jet activity. This is expected since soft QCD radiation tends to populate the central region. In fig. 4 the rapidity of the third jet is shown with two different transverse-momentum cuts. Increasing the cut from 10 GeV to 20 GeV decreases the central jet activity of the parton shower without having any significant impact on the shape of the distribution at fixed order.
Instead of considering the absolute position of the third jet it can be useful to look at its relative position with respect to the two hardest jets. This is usually measured through the y * quantity, Figure 5 shows that the parton shower populates the region where y * is close to zero. This comes as no surprise, as we require the two hardest jets to be in opposite hemispheres and with a very large rapidity gap, and hence small values of y * will often coincide with a very central third jet. If we increase the cut on the transverse momentum of the third jet, we again see that the effect of the parton shower is minimized.
In fact, and not surprisingly, the parton-shower has very much the same impact on the distributions involving the third jet as was reported in [16] for VBF W + W − jj .
Effective theory results
Vector boson scattering processes offer an excellent testbed for the electroweak sector at the TeV scale. A convenient way to parametrize deviations from the Standard Model is through anomalous couplings or, alternatively, an effective field theory expansion. Such an effective theory is constructed as the low-energy approximation of a more fundamental theory, and is valid up to an energy scale Λ. The explicit dependence of predictions on the scale Λ can be used to put limits on the scale of new physics itself. For scales Λ much larger than the electroweak scale we can restrict ourselves to the first correction to the SM contributions with operators of dimension six.
The Lagrangian of the effective field theory can be written in the form [17] denote the coefficients of the expansion. For ease of notation we therefore drop the superscript d = 6 in the following.
For our analysis of VBF ZZjj production we include the three CP-conserving dimensionsix operators [17, 31, 32] ,
and the two CP-violating operators ,
where Φ is the Higgs doublet field, and
14)
Here, the B µ and W µ denote the U(1) and SU(2) gauge fields with the associated couplings g ′ and g, respectively, and τ I the weak isospin matrices. The dual field strength tensor is defined asW consistent with current limits on the anomalous couplings λ Z andλ Z . These can be transformed into limits on effective field theory parameters through a set of tree-level relations. However, the relations between the anomalous couplings and the effective field theory parameters are not exact, in the sense that they assume no form factor dependence and disregard contributions from higher dimensional operators. From [31, 33] we have
which translates into 20) when using the current combined limits of [34] at the 68% confidence level. The limits become compatible with the Standard Model at the 95% confidence level. Our setup is identical to that of sec. 3.1, except we choose running factorization and renormalization scales,
where the p T,i are the transverse momenta of the (two or three) final state partons and the p T,Z i the transverse momenta of a same-type lepton pair. Such a dynamical scale is expected to optimally account for the high-transverse momentum region where the effective operators have the largest impact. Our analysis within the effective field theory approach is done in analogy to the SM analysis of sec. 3.1. We present results obtained for the ℓ + ℓ − ℓ ′ + ℓ ′ − decay mode within the cuts of eqs. (3.1)-(3.5). We account for decays into any combination of electrons and muons by multiplying results obtained for the e + e − µ + µ − decay mode by a factor of two. As mentioned earlier this procedure neglects any interference effects for the leptons. In order to illustrate the effect dimension-six operators can have on observables we consider the operators O W W W and OW W W independently by setting the associated expansion coefficients to values compatible with the current experimental bounds of eqs. (3.19) and (3.20) , and all other to zero. To this end, we separately choose c W W W /Λ 2 = −5 TeV and cW W W /Λ 2 = −5 TeV −2 . In diagrams where more than one vertex could be affected by the effective operator, we only turn on the effective coupling for one vertex at a time. This is consistent with only considering dimension six operators, as diagrams suppressed by more than one factor of Λ −2 should also receive corrections from operators of higher dimension. Because of the explicit scale suppression of the effective operators, it is expected that deviations from the Standard Model are most easily seen in the tails of differential distributions that are sensitive to the high-energy regime. From our SM analysis of sec. 3.1 we may conclude that a parton shower has very little effect on the distributions that do not involve the third jet. In this section we therefore only discuss fixed-order results. In fig. 6 (left panel) we show the transverse mass distribution of the hardest lepton at LO and NLO for c W W W /Λ 2 = −5 TeV −2 together with the associated dynamical K-factor, defined by 22) and a comparison of the NLO prediction for c W W W /Λ 2 = −5 TeV −2 with the SM result (right panel). All other dimension-six operator coefficients are set to zero. We note that the impact of the NLO-QCD corrections and the considered dimension-six operator contributions is of the same order of magnitude in the range of low to intermediate transverse momenta. For smaller absolute values of c W W W /Λ 2 the NLO corrections are significant up to even higher transverse momenta. Hence, in that case, in order to unambiguously distinguish new physics from higher-order perturbative effects in the Standard Model, full NLO-QCD results have to be considered. When fixing c W W W = cW W W one notices that the CP-violating operator OW W W yields an enhancement in the tails of the transverse momentum distribution of the hardest lepton that is larger by roughly a factor two, c. f. fig. 7 . This is due to the normalization chosen in eq. (3.16), which would be more naturally defined with a factor 1/2 on the right-hand-side. Qualitatively similar results are obtained for the invariant mass of the four-lepton system, as illustrated by fig. 8 . and cW W W /Λ 2 = 0, together with the respective ratio. events in the nSM and the SM scenarios as
Assuming that events are distributed according to a Gaussian distribution, a one-, two-and three-sigma significance correspond to the well-known 68%, 95% and 99.8% probabilities. When the expected number of SM events is low, one needs however to bear in mind that events are distributed according to a Poisson distribution. In this case these significances correspond to lower probabilities. When the expected number of SM events is however larger than five, we find that these probabilities differ already by less than 1%. Already at 300 fb −1 the dimension-six operators result in a significant signal for the CP-violating coupling. However, in the high-luminosity phase of the LHC with 3000 fb It is worth noting that the significance decreases, if only LO results are taken into account. Comparing tables 2 and 3 we observe that the significance increases by ∼ 20%, when NLO-QCD corrections are included. This strongly favors including the NLO-QCD corrections, as a similar gain in significance by technical means would require an increase in luminosity of ∼ 44%.
If we consider only contributions of one operator, e.g. O W W W , the matrix element squared schematically takes the form Even better significances could be obtained with hadron colliders operating at higher energies, such as the high-energy upgrade of the LHC (HE-LHC) with an energy of √ s = 33 TeV, or a future VLHC with an energy of up to √ s = 100 TeV. Tables 4 and 5 show expected numbers of events and associated significances for various scenarios at the LHC, the POWHEG BOX V2, a framework for the matching of NLO-QCD calculations with partonshower programs. We take non-resonant contributions, off-shell effects and spin correlations of the final-state particles into account. In the context of the Standard Model, we have considered the leptonic and semi-leptonic decay modes of the Z bosons. In addition, effects of new physics in the gauge-boson sector that arise from an effective Lagrangian with operators up to dimension six have been implemented. The code we have developed is publicly available from the webpage of the POWHEG BOX project, http://powhegbox.mib.infn.it/.
Here, we have discussed results for two specific scenarios. First, we have performed a numerical analysis of Standard-Model e + e − µ + µ − jj production at the LHC with √ s = 14 TeV, in the regime where both Z bosons are close to on-shell. In this setup, the impact of the parton shower is small for most observables related to the hard leptons and tagging jets, while larger effects are observed in distributions related to an extra jet. Second, we have considered an effective field theory with operators of up to dimension six, and explored the impact of such operators on observables in VBF ZZjj processes. We found that tails of transverse-momentum and invariant mass distributions of the hard jets and leptons are most sensitive to such new-physics contributions. Since the statistical significance of ZZjj results at the LHC with an energy of √ s = 14 TeV and an integrated luminosity of about 300 fb −1 is limited, we additionally explored scenarios for high-energy proton colliders, such as an HE-LHC and a VLHC, with collider energies of 33 TeV and 100 TeV, respectively. We found that an increase in energy would help, much more than an increase in luminosity, to substantially improve current limits on anomalous couplings in the gauge boson sector. For instance, an improvement in significance by a factor of four can be obtained by increasing the energy by a factor of (less than) two, or by increasing the luminosity by a factor of 16. We also note that, for the process we have considered, relative NLO corrections in the SM and in the effective field theory approach are of the same size. However, since in the effective field theory scenario the number of events in tails of transverse-momentum distributions is larger than in the SM, the NLO corrections increase the significance by the square root of the K factor, see eq. (3.23) . This, together with the well-known fact that uncertainties are reduced significantly at NLO, strongly supports the use of NLO simulations in the context of searches for new physics in the gauge-boson sector.
